A conformational change in the isolated NADP(H)-binding component (dIII) of transhydrogenase induced by low pH: a reflection of events during proton translocation by the complete enzyme?  by Rodrigues, Daniel J & Jackson, J.Baz
A conformational change in the isolated NADP(H)-binding component
(dIII) of transhydrogenase induced by low pH: a reflection of events
during proton translocation by the complete enzyme? $
Daniel J. Rodrigues, J. Baz Jackson *
School of Biosciences, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK
Received 5 February 2002; accepted 25 February 2002
Abstract
Transhydrogenase couples the reduction of NADP + by NADH to inward proton translocation across the bacterial (or mitochondrial)
membrane. Conformational changes in the NADP(H)-binding component of the enzyme (dIII) are central to the coupling mechanism. In the
‘‘open’’ state, NADP(H) bound to dIII can readily exchange with nucleotides in the solvent but hydride transfer [to/from NAD(H) bound to
dI] is prevented. In the ‘‘occluded’’ state, bound NADP(H) cannot exchange with solvent nucleotides but the hydride transfer reaction is
permitted. It was previously found that the conformational state of isolated, recombinant dIII is pH dependent. At neutral pH, the protein
adopts a conformation resembling the occluded state, and at low pH, it adopts a conformation resembling the open state. The crystal structure
of dIII indicates that the loop E ‘‘lid’’ might be largely responsible for the very high affinity of the protein for NADP(H). In this paper we
show, using fluorescence resonance energy transfer, that the distance between the apex of loop E of isolated dIII, and the core of the protein,
increases when the solution pH is lowered. This is consistent with the view that the lid is retracted to permit NADPH release during turnover
of the complete enzyme.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Transhydrogenase is located in the inner membrane of
animal mitochondria and in the cytoplasmic membrane of
some bacteria. It couples the redox reaction between
NAD(H) and NADP(H) to the translocation of protons
across the membrane.
NADHþ NADPþ þ HþoutZNADþ þ NADPHþ Hþin ð1Þ
The enzyme generally operates from left to right (Eq. (1)),
thereby consuming the proton electrochemical gradient (Dp)
generated by the respiratory (or sometimes photosynthetic)
electron transport chain. For discussions of the function of
transhydrogenase in different organisms, see Refs. [1–3].
Recent studies on the kinetics, the structure and the molec-
ular biology of transhydrogenase have led to significant
advances in our understanding of its mechanism of action
(for reviews, see Refs. [4,5]).
The enzyme has three components, dI, dII and dIII. The dI
component, which binds NAD(H), and the dIII component,
which binds NADP(H), protrude from the membrane; dII
spans the membrane (in 12–14 TM helices). The dI, dII and
dIII components are linked in various ways in different
species but all transhydrogenases are thought to share a
similar three-dimensional structure. The enzyme is effec-
tively a ‘‘dimer’’ of dI:dII:dIII ‘‘trimers’’ (Fig. 1). The dI
and dIII components of transhydrogenases from several
species have been isolated and purified [6–12]. Mixtures of
isolated dI and dIII from Rhodospirillum rubrum transhy-
drogenase form a stable dI2dIII1 complex in solution [13].
Recently, a high-resolution crystal structure of this complex
was solved [14]. It follows X-ray structures of R. rubrum dI
[15], of bovine [16] and human [17] dIII, and a solution
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structure of R. rubrum dIII determined by NMR [18]; an
NMR structure of E. coli dIII is nearing completion [19].
An NADP(H)-binding change mechanism was proposed
to account for the coupling of transhydrogenase to proton
translocation [4,20]. Product nucleotides dissociate from
and substrate nucleotides bind to the enzyme when the dIII
component is in the ‘‘open’’ state. The hydride transfer
reaction proceeds only when dIII is in the ‘‘occluded’’ state.
Inter-conversion between the two states during forward
transhydrogenation is driven by inward proton translocation,
and is achieved by switching the proton access of a site in
the protein from the bacterial periplasm to the cytoplasm (or
from the animal cell cytoplasm to the mitochondrial matrix);
the switch in solvent access is determined by whether dIII is
occupied by NADP + or by NADPH. These ‘‘specificity
rules’’ ensure that the transhydrogenation reaction is tightly
coupled to the proton electrochemical gradient—the redox
reaction is prevented from taking place without proton
translocation, and vice versa. Because, in the occluded state,
NADP + and NADPH cannot readily dissociate, the binding
energies of their nicotinamide and dihydronicotinamide
rings can be differentially expressed to promote the forward
reaction during hydride transfer.
In the R. rubrum dI2dIII1 complex at neutral pH, dIII
behaves as though it is locked in the occluded state
[8,21,22]. Thus, stopped-flow and continuous-flow experi-
ments reveal that hydride transfer between nucleotides at the
single dI/dIII interface is very rapid but that exchange of
bound NADP(H) with the solvent is extremely slow. These
two kinetic features can be understood from an inspection of
the crystal structure. Firstly, the C4 atoms of the nicotina-
mide rings of NAD(H) on dI and of NADP(H) on dIII can
be brought together in a way that would allow a direct
transfer of hydride ion equivalents with the well-docu-
mented A–B stereochemistry. Secondly, a loop (loop E) in
the polypeptide chain between the fourth and fifth h strands
of dIII arches over the pyrophosphate part of bound
NADP + to form a ‘‘lid’’—this feature might be largely
responsible for the occlusion of the nucleotide. In the
formation of the open state from the occluded state, during
the latter stages of transhydrogenation in the intact enzyme,
the nicotinamide ring of NAD + and the dihydronicotina-
mide ring of NADPH must be moved apart to block hydride
transfer (see Ref. [4]), and the loop E lid must be retracted to
allow release of NADPH.
In the dI2dIII1 complex at low pH, there is an indication
that dIII takes on the character of the open state [23]. Thus at
pH values below 6.0, the hydride transfer rate becomes
strongly inhibited and the rate of NADP(H) release becomes
greatly accelerated. The increased rate of NADP(H) release
is also evident in isolated dIII at low pH. The change in
protein conformation responsible for these altered properties
has functional pKa of approximately 5.1. In this report, we
describe fluorescence resonance energy transfer (FRET)
experiments that were designed to test the hypothesis that
the loop E lid is retracted in the low-pH form of isolated dIII.
2. Methods
Isolated wild-type dI and the dIII.E155W mutant of R.
rubrum transhydrogenase were expressed in cells of E. coli
and purified, as described [6,24]. The Stratagene Quik-
change kit and oligonucleotide primers from AltaBioscience
were used on pJDV1 [24] to construct an expression vector
for the double mutant dIII.E155W.G173C according to
earlier protocols. DNA was sequenced by the Functional
Genomics group at the University of Birmingham. Proce-
dures for the expression and purification of the double-
mutant protein were similar to those described for wild-type
dIII. When required, proteins were washed and concentrated
by centrifugation through Vivascience filters.
Cyclic and reverse transhydrogenation in mixtures of dI
and dIII were measured as described [20]. The rate constant
for NADP + release was measured using an enzyme-trap
method [8], and from changes in W155 fluorescence
[10,24].
Samples of dIII protein (3 mg) were labelled with 5-((((2-
iodoacetyl)amino)ethyl)amino napthalene-1-sulphonic acid)
(IAEDANS) by incubating with a five-fold molar excess of
the dye in 0.5 ml of 20 mM Mops pH 7.2, 4 AM NADP + in
the dark at 4 jC. The labelling was terminated by addition
of excess dithiothreitol and unreacted dye was removed
from the protein by chromatography through Sephadex G-
25. The extent of labelling was determined from the
absorbance at 336 nm (e = 6.1 mM  1 cm 1 [25]). FRET
experiments were performed at 25 jC with 1.0 AM protein
in a medium containing 600 AM NADP + 20 mM Mes, 20
mM Mops, 20 mM Hepes at pH 7.2 and at pH 5.5.
Fig. 1. Transhydrogenase: a ‘‘dimer’’ of two dI:dII:dIII ‘‘trimers’’.
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Measurements were performed with a Spex FluoroMax with
slits set to give a band pass of 4.25 nm. Emission scans were
recorded from 300 to 550 nm using excitation light at 280
nm. The spectra were not corrected for the water-Raman
band.
3. Results
We have measured a distance change in the isolated dIII
component of R. rubrum transhydrogenase by FRET—
between a unique, engineered Trp residue (the fluorescence
donor) at position 155 and an IAEDANS group (the
fluorescence acceptor) attached to an engineered Cys resi-
due at position 173. Conveniently, wild-type R. rubrum dIII
has neither Trp nor Cys residues. Firstly, a unique Trp was
introduced to replace a Glu residue at position 155 to give
dIII.E155W [24]. The substitution is close to the core of the
protein near the N-terminus of the fifth strand in the h sheet.
The catalytic properties of dIII.E155W are very similar to
those of wild-type dIII [24]. In a further round of site-
directed mutagenesis, we replaced the Gly residue at posi-
t i on 173 of d I I I .E155W wi th a Cys to g ive
dIII.E155W.G173C. The substituted residue is adjacent to
the well-conserved GYA motif at 170–172 in the apex of
loop E. G170 and A172 are invariant in 14 published
sequences, Y171 is invariant in all but one of the sequences
(where it is a Phe) but G173 is commonly Ala or Ser.
The properties of purified dIII.E155W.G173C and those
of dIII.E155W (see Ref. [24]) are summarised in Table 1.
Complexes of R. rubrum dI and either dIII.E155W.G173C
or dIII.E155W catalysed similar rates of cyclic transhydro-
genation, indicating that hydride transfer was not compro-
mised by the Gly!Cys substitution. Similar concentrations
of dI were required to obtain half-maximal rates of cyclic
transhydrogenation for both dIII.E155W.G173C and
dIII.E155W. This suggests that the binding affinity between
dI and dIII was unaffected by the second mutation. For
similar concentrations of dI protein, rates of reverse trans-
hydrogenation were approximately two-fold higher with
dIII.E155W.G173C than with dIII.E155W. Reverse trans-
hydrogenation by mixtures of dI and dIII is limited by the
rate of NADP + release from dIII [8]. The consequent
prediction that the elevated rate of reverse transhydroge-
nase catalysed by dI plus dIII.E155W.G173C results from
a faster rate of dissociation of NADP + from dIII is
confirmed by results shown in Table 1. Thus, the apparent
first-order rate constant for NADP + release from isolated
dIII.E155W.G173C (measured by two independent proce-
dures) was approximately two-fold higher than that for
NADP + release from dIII.E155W. For both proteins, the
kapp value was similar (F 20%) to the kcat for reverse
transhydrogenation measured at optimal concentrations of
dI—see Ref. [13]. The dIII.E155W.G173C mutant retains
two other interesting properties of wild-type dIII (and
dIII.E155W). (a) The rate of NADP + dissociation was
greatly accelerated at low pH (Table 1)—this is one of the
observations that led us to suggest that under these con-
ditions, the protein adopts a conformation resembling the
open state predicted by the NADP(H)-binding-change
mechanism [23]. (b) The rate constant for NADP(H)
dissociation is slower (by approximately five-fold, data
not shown) when the dIII protein is complexed with dI—
this was taken as an indication that dI and dIII might move
apart from one another to allow release of the nucleotide
during turnover of the intact enzyme [13]. In general, the
catalytic properties of dIII.E155W.G173C are very similar
to those of dIII.E155W (and hence wild-type dIII, see Ref.
[24]) reassuring us that distance measurements on the
double mutant will provide meaningful information.
IAEDANS reacts with the sulfydryl groups of exposed
Cys residues in proteins: a thioether link is formed be-
tween the dye moiety (AEDANS) and the protein [25]. The
time course for the reaction between IAEDANS and
dIII.E155W.G173C, when the former is in five-fold molar
excess, is shown in Fig. 2. There was a relatively rapid
incorporation of 1 molar equivalent of the dye followed by
a much slower binding. In similar experiments with
Table 1
Catalytic properties of dIII.E155W.G173C and dIII.E155W
dIII.E155W dIII.E155W.G173C
Maximum rate of cyclic transhydrogenation [Amol AcPdADH Amol 1 dIII min 1]a 1350 1270
dI concentration to give half maximal rate of cyclic transhydrogenation (nM)a 35 35
Maximum rate of reverse transhydrogenation (Amol AcPdADH Amol 1 dIII min 1)b 1.4 2.6
koff for NADP
+ (s  1) at pH 7.2 (enzyme trap)c 0.021 0.052
koff for NADP
+ (s  1) at pH 7.2 (fluorescence)d 0.022 0.058
koff for NADP
+ (s  1) at pH 5.5 (fluorescence)d 0.096 0.240
For comparison of dIII.E155W with wild-type dIII, see Ref. [24].
For details, see references cited in Methods.
a Experiments performed at a dIII concentration of 30 nM in 50 mM Mops, pH 7.2, 50 mM KCl, 2 mMMgCl2, 20 AM NADP + , 200 AM NADH, 200 AM
AcPdAD+ and variable dI concentrations (>200 nM to give maximal rates).
b Similar conditions to cyclic transhydrogenation except that the dI and dIII concentrations were 300 and 900 nM, respectively, and the nucleotide
concentrations were 200 AM NADPH and 200 AM AcPdAD+ .
c Experiments performed at a dIII concentration of 1.0 AM in 20 mM Mops, pH 7.2, 4 mM MgCl2, 2 mM isocitrate, 1 unit ml-1 isocitrate dehydrogenase.
d Experiments performed at a dIII concentration of 1.0 AM in 20 mM Mes, 20 mM Mops, 20 mM Hepes, pH 7.2 or 5.5 (as shown).
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dIII.E155W, there was only a slow rate of IAEDANS
reaction. We attribute the first incorporation phase in
dIII.E155W.G173C to a specific reaction between IAE-
DANS and C173 and the second phase to non-specific
labelling of other amino acid residues (compare Ref. [26]).
For the FRET experiments described below, a 2-h incuba-
tion period was adopted to minimise non-specific labelling.
The rates of both cyclic and reverse transhydrogenation in
mixtures of dI and IAEDANS-treated dIII.E155W.G173C
were identical to those in control mixtures of dI and
untreated dIII.E155W.G173C—data not shown.
Our objective was to measure changes in the distance
between W155 and the AEDANS group located on C173 as
the solution pH was lowered from 7.2 to 5.5. However, we
have observed that NADP(H) readily dissociates from dIII
at low pH and that the apoprotein is unstable [23]. There-
fore, all the fluorescence experiments described below were
recorded in the presence of 600 AM NADP + to keep the
dIII protein in its holo form—control measurements of
transhydrogenase activity (in mixtures with dI) established
that this was sufficient to avoid irreversible inactivation. At
pH values < 5.5, irreversible inactivation did become a
problem even at 600 AM NADP + . To ensure comparability,
the unlabelled dIII.E155W.G173C was incubated in the
same way as the AEDANS-labelled dIII.E155W.G173C
material (but in the absence of the dye) and it was subjected
to similar chromatographic procedures (see Methods).
The fluorescence emission spectrum of untreated
dIII.E155W.G173C during excitation with light at 280 nm
(Fig. 3) was similar to that of dIII.E155W [24]. The broad
emission band at 336 nm is attributable to W155. The
relative intensity of the fluorescence emission was similar
in experiments carried out at pH 7.2 and 5.5. The AEDANS-
labelled dIII.E155W.G173C had an emission band with
similar kmax but a lower relative intensity due to FRET.
An additional emission band appeared at 479 nm; this is
AEDANS fluorescence and it arises partly from FRET
(from the Trp) and partly from weak direct excitation of
the dye at 280 nm. The most important observation is that
quenching of the 336 nm Trp emission by FRET to the
AEDANS group was more pronounced at pH 7.2 than at pH
5.5 (Fig. 3). In experiments performed on three different,
separately labelled samples (each assayed in triplicate), the
AEDANS quenching was 28.1F 0.7% at pH 7.2 and
22.7F 1.0% at pH 5.5.
4. Discussion
The results of earlier kinetics experiments [8,21] indi-
cated that, at neutral pH, isolated dIII adopts a conformation
equivalent to the occluded state and, at low pH, it adopts a
conformation equivalent to the open state (cf. the NADP(H)-
binding change mechanism [4,20]). The pKa of the confor-
mational transition is approximately 5.1. An examination of
the crystal structures of isolated dIII and the dI2dIII1 complex
suggested that the change in conformation from the occluded
to the open state in the latter stages of forward transhydro-
genation in the complete enzyme will require a retraction of
Fig. 3. Fluorescence-emission spectra of dIII.E155W.C173G. See Methods
section. Upper panel, pH 7.2; lower panel, pH 5.5. Solid line, unlabelled,
and dashed line, AEDANS-labelled protein.
Fig. 2. The time course of IAEDANS labelling of isolated dIII. See
Methods section. Solid symbols, dIII.E155W.G173C; open symbols,
dIII.E155W.
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the loop E ‘‘lid’’ to permit rapid dissociation of the bound
product NADPH [14].
From the data in Fig. 3 of this work (using a Fo¨rster
radius of 22 A˚ for the Trp-AEDANS, donor–acceptor pair
[27], and an orientation factor j2 = 2/3), the distance
between W155 and the AEDANS group on C173 in our
double mutant of R. rubrum dIII is 25.7F 0.2 A˚ at pH 7.2.
This compares very favourably with a distance of 19.8 A˚
between the Ca of E155 and Ca of G173 in the crystal
structure of the wild-type dI2dIII1 complex, thus confirming
the location of the AEDANS group. At pH 5.5, the distance
between W155 and AEDANS-C173 increased by 1.3F 0.2
A˚ suggesting that the apex of loop E moves away from the
core of dIII as the pH is decreased. Assuming a pKa of 5.1
(see above), the movement of the lid apex will, in principle,
provide a much wider pathway for NADP(H) diffusion from
the protein as it enters the open state.
It is possible that the protonation reaction responsible for
the change in conformation of isolated dIII from the
occluded-like to the open-like state corresponds to a step
in the proton translocation pathway in the complete enzyme
[23]. However, mutagenesis studies on invariant amino acid
residues with protonatable side chains in E. coli dIII have
identified only hD392 (D132 in R. rubum dIII) as essential
[28,29]. The high-resolution structures show this residue to
be inaccessible to the solvent and at an interesting site in the
protein (see below) but, to date, we have been unable to
delineate a pathway for protons to D132 from the expected
location of the membrane-spanning dII. On balance, the
present evidence favours the view that the conversion of the
occluded to open conformation upon lowering the pH of
solutions of isolated dIII results from a scalar protonation
(i.e. unconnected with ion translocation); in the intact
enzyme, the transition is effected through conformational
interactions with dII (see Ref. [4]).
The detail of the crystal structures provides indications of
the dynamic changes that might occur upon loop opening
(Fig. 4). At the N-terminus of the loop, as it emerges from
strand h5, the hydrophobic side chains of L161, F162 and
I163 make van der Waals contacts with other hydrophobic
residues in the core of dIII. We assume that this segment
remains relatively immobile during the conformational
transition. At the C-terminus of loop E, residues 174 and
beyond have contacts with the adjacent loop D; those in
positions 177–181 adopt an a-helical conformation. This
segment is also expected to remain in a relatively fixed
position. The two most interesting regions of loop E are
164–166 and 170–173. In the crystal structure (which, it is
recalled, has the conformation of the occluded state), the
highly conserved residues K164, R165 and S166 make a
network of H-bonds with each other and with the 2V-
phosphate of the bound NADP + . They are clearly important
in determining the specificity of NADP(H), relative to
NAD(H), binding. The local structure of these residues
must be similar in the open state, since this conformation
is important in the formation of the encounter complex with
NADP + in the early stages of forward transhydrogenation:
we suggested that K164, R165 and S166 might act as a
fulcrum in the opening of the apex of the lid [17]. Mutation
studies of the equivalents of K164, R165 in E. coli trans-
hydrogenase were described [29]. Residues G170, Y171,
A172 and G173 (the first three are invariant) form a type I
h-turn at the apex of loop E. Particularly interesting are, (i)
the H-bond interactions of the amide NH of Y171 with both
the adenosine phosphate of bound NADP + and the carbox-
ylate of invariant D132 in helix D, and (ii) the interaction of
the aromatic ring of Y171 and the guanidinium group of
invariant R90 which, in turn, also H-bonds with the adeno-
sine phosphate and contacts the ring of another Tyr residue,
the invariant Y54 which projects from the C-terminus of
strand h1. We previously highlighted the probable impor-
tance of this nest of interactions in the transhydrogenase
mechanism [17]. The effects of mutating of R90, D132 and
Y171 (or their equivalents) have been described [29–31].
Our currently favoured view is that the crucial event in the
open! occluded transition, driven by protonation/deproto-
nation steps during proton translocation through dII, is a
change in the conformation of helix D/loop D to expose
D132 to the solvent. This lowers the pKa of the D132
Fig. 4. Molscript cartoon of the loop E and the helix D/loop D region of R.
rubrum transhydrogenase. Loop E is shown from the Ca of L161 to the Ca
of R181. The dotted line shows the distance between the Ca of E155
(mutated to Trp in this work) and the Ca of G173 (mutated to Cys and
labelled with IAEDANS). The NADP + on dIII and the NAD+ on dI are
shown with thinner bonds. The NADP + is in the position defined by the X-
ray structure, but the NAD+ is modelled—recall that the dI polypeptide
(polypeptide B) that is associated with the cleft of dIII does not have
NAD + in good density; therefore, an NAD+ molecule from the A
polypeptide was modelled into B; rotations about its pyrophosphate and
ribose bonds bring its nicotinamide into apposition with that of the NADP +
to indicate the predicted geometry during hydride transfer [14].
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carboxylate from its high value of 9.8 in the occluded state
[4], and leads to scalar deprotonation. Retraction of the loop
E apex, and a loosening of the Y171–R90–Y54 interac-
tions, opens the site for release of bound NADPH (during
forward transhydrogenation). Invariant N131 might also be
involved in the transition—though buried in the structure,
its side chain amide is not involved in H-bond formation in
the occluded state. The transition between the open and
occluded states is also expected to cause changes in
NADP(H) conformation, for example, through rotation of
its pyrophosphate group (via movements of R90, N131,
D132 and Y171) to shift the position of the nicotinamide
ring between its reactive position proximal to the nicotina-
mide ring of NAD(H), and a distal position in the ‘‘glycerol
pocket’’ where hydride transfer would be prevented [17].
In summary, the FRET data provide evidence for the
retraction of loop E during conversion of the occluded to the
open state of dIII and this might reflect events in the intact
enzyme during turnover. A future challenge is to establish
the precise mechanism of loop opening. An interesting
possibility, suggested by the crystal structure and still to be
explored, is that the two dI:dII:dIII ‘‘trimers’’ of the trans-
hydrogenase dimer alternate with one another—as one trimer
enters the open state, the other enters the occluded state.
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